Introduction
Increased use of natural gas (methane) in the domestic energy market will force the development of large non-producing gas reserves now considered to be low quality. Large reserves of low quality natural gas (LQNG) contaminated with hydrogen sulfide (H S), carbon dioxide (CO ) and nitrogen 2 2 (N ) are available but not suitable for treatment using current conventional gas treating methods due 2 to economic and environmental constraints.
A group of three technologies have been integrated to allow for processing of these LQNG reserves; the Controlled Freeze Zone (CFZ) process for hydrocarbon / acid gas separation; the Triple Point Crystallizer (TPC) process for H S / CO separation and the CNG Claus process for recovery of 2 2 elemental sulfur from H S. The combined CFZ/TPC/CNG Claus group of processes is one program 2 aimed at developing an alternative gas treating technology which is both economically and environmentally suitable for developing these low quality natural gas reserves.
The CFZ/TPC/CNG Claus process is capable of treating low quality natural gas containing >10% CO and measurable levels of H S and N to pipeline specifications. The integrated CFZ / CNG Claus 2 2 2
Process or the stand-alone CNG Claus Process has a number of attractive features for treating LQNG. The processes are capable of treating raw gas with a variety of trace contaminant components. The processes can also accommodate large changes in raw gas composition and flow rates. The combined processes are capable of achieving virtually undetectable levels of H S and 2 significantly less than 2% CO in the product methane.
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The separation processes operate at pressure and deliver a high pressure (ca. 100 psia) acid gas (H S) 2 stream for processing in the CNG Claus unit. This allows for substantial reductions in plant vessel size as compared to conventional Claus / Tail gas treating technologies. A close integration of the components of the CNG Claus process also allow for use of the methane/H S separation unit as a 2 Claus tail gas treating unit by recycling the CNG Claus tail gas stream. This allows for virtually 100 percent sulfur recovery efficiency (virtually zero SO emissions) by recycling the sulfur laden tail gas 2 to extinction. The use of the tail gas recycle scheme also de-emphasizes the conventional requirement in Claus units to have high unit conversion efficiency and thereby make the operation much less affected by process upsets and feed gas composition changes.
The development of these technologies has been ongoing for many years and both the CFZ and the TPC processes have been demonstrated at large pilot plant scales. On the other hand, prior to this project, the CNG Claus process had not been proven at any scale. Therefore, the primary objective of this portion of the program was to design, build and operate a pilot scale CNG Claus unit and demonstrate the required fundamental reaction chemistry and also demonstrate the viability of a reasonably sized working unit.
For the CNG Claus system there is a need to minimize the SO production and to control the 2 potentially high reaction temperatures resulting from the use of enriched air as the oxidant. Therefore, it is proposed to operate the CNG Claus reaction furnace with a significantly lower reaction stoichiometry. For the design case an oxygen deficient operation of approximately 50 percent was used. This resulted in a decline in the predicted unit conversion efficiency to 50 percent and a predicted reaction temperature less than 2000 F. This also resulted in an SO concentration of o 2 approximately 1.0 mole percent which is appropriate for the subsequent treating in the hydrogenation reactor
Wasteheat Exchanger
The partial oxidation of the H S in the reaction furnace is an extremely exothermic reaction which 2 results in a very large energy release and high process temperatures in the reaction furnace. In order to recover the produced elemental sulfur it is necessary to cool the process gas significantly. This also allows the opportunity to recover a large amount of high quality energy usually in the form of high pressure steam.
The wasteheat exchanger is used to remove the bulk of that energy and cool the process gas to a lower intermediate temperature. This unit is a conventional shell and tube thermosyphon or kettle type boiler which will produce high pressure (600 psia) steam.
Sulfur Condenser / Collection Vessel
The sulfur condenser is used to further cool the process stream to a temperature (300 F) where o essentially all of the sulfur vapor is condensed to liquid. The sulfur condenser heat exchanger has a traditional shell and tube configuration with the process gas on the tube side. This unit will also recover a significant amount of waste heat by producing steam.
The sulfur condenser vessel is equipped with a disengagement section on the outlet end in order to allow for efficient separation of the liquid sulfur from the process gas. A collection vessel equipped with continuous level control is used to store and remove the product sulfur from the process. This is effectively the final step in the true sulfur recovery portion of the plant. All of the subsequent units are used to treat the sulfur plant tail gas for recycle back to the TPC process.
Tail Gas Treating Section
In order to allow for a 100 percent recycle of the tail gas stream to the TPC system, it will be necessary to further treat the CNG Claus tail gas. The tail gas stream must meet some critical guidelines in terms of stream content to allow efficient processing in the TPC.
1. SO Content -The SO content in the tail gas must be essentially zero so that it does not react with 2 2 H S to form sulfur in the TPC or its auxiliary systems.
2 2. Water Content -The tail gas must be dried to a very low dewpoint temperature to ensure that water does not freeze in the TPC system.
3. Process pressure -In order to return the treated tail gas to the TPC it will be necessary to recompress back up to 100 psia.
The tail gas treating section is designed to perform the following specific process steps :
1. Heat the process gas and introduce reducing compounds into the process. 2. React all of the non-H S sulfur components back to H S via various reduction reactions.
2 2 3. Cool and remove the excess water. 4. Re-compress the cold, water free process gas which is primarily H S and CO for recycle to the 2 2 TPC separation process.
All of these functions are performed in units which have been used extensively in existing gas treating processes. Therefore, the design philosophy in general is based completely on existing technology.
Reducing Gas Generator
This unit performs two functions simultaneously ; heating the process gas and introducing reducing compounds (H and CO) into the process stream. The primary process unit is the reducing gas 2 generator which is a direct fired hydrocarbon fuel gas burner. The burn products from this burner are mixed directly with the process gas to raise the process temperature to the desired value.
This burner system utilizes a controlled oxygen source (enriched air) and the burn stoichiometry is controlled such that the burner is 10 to 25 percent deficient in oxygen. This has the result of producing significant amounts of H and CO which are needed in the subsequent processing step. The 2 base design calls for a typical mixed outlet temperature of 500 F.
o
Hydrogenation / Hydrolysis Reactor
The next tail gas treating step is to convert all of the SO , COS, CS and sulfur vapor to H S. This This reaction process system is utilized extensively in existing gas treating technology and all of these reactions go essentially to completion to ensure no SO . COS, CS or S residual in the reactor 2 2 1 effluent. The typical reaction temperature in this system is 650 to 750 F.
Hydrogenation Reactor Cooler
In order to meet the water specification for the recycle stream it is necessary to remove all of the process water. As a preliminary step in the water removal process, the tail gas is cooled significantly from the 700 F+ hydrogenation reactor temperature to approximately 300 F. The initial cooling step o o is performed by a standard shell and tube heat exchanger with the process gas on the tube side. In a conventional design it is convenient to remove the excess energy in the form of steam.
Direct Water Quench / Water Removal
The first step in the water removal process is a direct contact water quench tower. In this unit the cooled tail gas is contacted directly with cooling water. The quench tower overhead gas is effectively cooled to 100 F and the water content is dropped to the saturated value at that temperature. A typical o water content of the quench overhead gas is 2 to 5 percent as compared to 25 to 35 percent in the inlet. This process produces a substantial mass of excess water which has a small sour component. This "sour water" must undergo additional treatment in order to allow for safe disposal. The sour water treatment system is described in a later section.
Tail Gas Dehydration
The final dehydration process must ensure that the water content in the recycled tail gas does not exceed 30 ppmv which translates to a -50 F water dewpoint temperature. This step is completed in o a dedicated molecular sieve dehydration system of conventional design.
Tail Gas Recompression
It is expected that the sulfur recovery and tail gas treatment processes will result in a system pressure loss between 5 and 10 psi. Therefore, the treated tail gas must be re-compressed to allow reintroduction back into the upstream TPC process. Based on the expected operating conditions of the system, the recompression ratio in this unit will have to be approximately 1.1 to 1.
Pilot Plant Description
The original design concept of the CNG Claus sulfur recovery process is based extensively on existing conventional Claus technology. However, the operating conditions will be substantially different from conventional Claus operations in the following areas :
1. Oxygen source -The primary oxygen source will be a highly O enriched air stream in order to 2 minimize the total process gas volume.
2. Reaction stoichiometry -The reaction will be completed with an oxygen flow of approximately 50 percent of the flow in a conventional Claus plant. This will ensure more moderate reaction temperatures and a low formation rate of SO . 3. Operating pressure -The normal operating pressure will be 100 psia as compared to a conventional Claus plant which operates at 20 to 25 psia. 
Pilot Plant Design Basis
Acid Gas Feed Table 3 .1 summarizes one of the typical acid gas and combustion "air" stream data cases. The acid gas composition was based on a preliminary estimated composition from the specified low quality raw gas stream. The "air" composition was chosen as typical for an enriched air stream from a pressureswing O enrichment plant. This acid gas flow rate and the target 50 percent unit recovery efficiency 2 will result in a total sulfur production rate of 10.0 lb/h. 
Reaction Furnace Operation
The reaction furnace operation has been devised to allow for stable operation while meeting the following criteria to ensure that a conventional furnace design (metallurgy etc) is adequate and that the downstream tail gas treating section can adequately handle the hydrogenation of SO in a 2 conventional manner.
1. The adiabatic reaction temperature must be maintained at or below 2500 F. o 2. The overall conversion efficiency must be maintained at 50+ percent. 3. The SO in the furnace outlet must be maintained at less than 2.0 mole percent. material balance for the base pilot plant case is shown in concentration in the furnace outlet is 1.0 mole percent and the conversion efficiency is 50.04 percent. 
Sulfur Production and Collection
In order to collect the elemental sulfur which is produced in the reaction furnace, it is necessary to condense the sulfur to the liquid phase and then complete a liquid separation from the main gas process stream. The process temperature needed to efficiently condense the elemental sulfur is approximately 300 F. The cooling of the process gas is completed in two stages; the first stage cools o the gas to approximately 800 F (no sulfur condensation) and the second stage cools the process gas o and condenses the elemental sulfur.
This heat exchange configuration is chosen to allow for efficient recovery of the high quality energy which is present in the process gas stream and matches the proposed heat exchange system for a commercial scale plant closely. This configuration also allows for condensation of the elemental sulfur only in the final cooling stage. The second process gas heat exchanger or sulfur condenser is designed to allow for efficient separation of the liquid sulfur from the process gas stream. The elemental sulfur is removed from the condenser at pressure and collected in a dedicated collection vessel. In the pilot plant design this vessel will be arranged to allow for collection of the total sulfur volume anticipated for a full test run.
Test Results -Data, Analysis and Methods

Experimental Test Plan
The fundamental question that must be answered by the experimental program is whether the Claus H S oxidation reactions will proceed to a sufficient degree under the proposed operating conditions. is often kinetically limited.
Since the proposed strategy for the CNG Claus is to oxidize only one-sixth of the H S at a higher 2 system pressure (ca. 100 psia or 6 atmospheres) and a lower temperature (ca. 1500 to 2000-F) the first series of experiments is designed to determine if, indeed, the proposed strategy is practicable.
Critical Operating Variables
The critical operating parameters are related to two well-defined concepts; the chemical equilibria of the reaction system and the kinetic effects of the mechanical system. For test pilot plant test program it will be necessary to determine the impact of these parameters on the key reaction.
Chemical Equilibrium
The chemical equilibrium of the reaction system is affected and determined by :
The reaction pressure will be determined largely by the system pressure as defined in the process design. While it may be possible to determine the effect of reaction pressure on the reaction equilibrium, this parameter has not been identified as critical to the successful operation of the process.
The pilot plant has been designed for adiabatic operation in the thermal reactor. Therefore the reaction temperature will be set by the reactant composition and the extent of reaction of those reactants. This leaves the reactant composition as the most significant process variable and will be the focus of the pilot plant test plan. The following section discusses the composition variables which will be evaluated and presents the results from an array of simulated reaction runs which were completed using an equilibrium model based on a Gibbs free energy calculation technique.
Reaction Simulation Results
The work completed in the technical feasibility section was also used to evaluate the appropriate test variable matrix for the pilot plant tests. Those simulation results have been supplemented simulations which further define the range of potential reactant compositions.
The most significant reactant components are H S and O . There will also be CO and N in the feed 2 2 2 2 gas which may have an effect on the reaction equilibrium. Table 4 .1 on the following page summarizes an extensive set of equilibrium calculations completed for a range of inlet reactant compositions. This simulation matrix encompasses the full range of values expected for the acid gas and air compositions for the experimental test runs.
Mechanical Kinetic Effects
The reaction equilibrium can be significantly affected by kinetic effects in the thermal reactor. The kinetics of the reaction system can be affected by the following physical conditions :
+ reaction residence time. + reaction temperature. + extent of mixing in the reaction section.
It is expected that the kinetic effects could have a measurable impact on the outcome of the reaction. It is expected that the effect of some kinetic limitation on the H S oxidation will not significantly 2 affect the overall feasibility of the process, however, the test plan will include some studies to determine the potential effect of kinetics on the Claus reaction at the new operating conditions.
The reaction furnace design allows for a maximum residence time of 4 seconds (actual) which is significantly longer than in conventional Claus furnace design. The design also allows for decreasing the residence time substantially by altering the reaction volume. This will allow for some determination of the impact of residence time on the overall reaction. The mixing characteristics of the burner will be constant for all of the tests, therefore it will not be possible to determine the potential effects of mixing and turbulence on the reaction. 
Base Case Test Conditions
The pilot unit will be started up using sufficient O to oxidize between one-third and one-half of the 2 H S with a target residence time in the Thermal Reactor of 2 seconds. The temperature will be 2 monitored to ensure that the Thermal Reactor does not become overheated. If necessary, the flow rates of the Acid Gas and O /Air Feeds, and/or their ratio, will be adjusted to prevent overheating.
2
When stable operation is achieved, a routine sample set will be taken and analyzed to confirm the performance of the Thermal Reactor.
Once the operability of the pilot unit is established, the ratio of O /Air Feed to Acid Gas Feed will be 2 adjusted, step wise, towards oxidation of one-sixth of the H S while monitoring the temperature and 2 maintaining the residence time in the Thermal Reactor between 2 and 3 seconds. At each step, the unit will be allowed to stabilize (between 20 to 30 minutes should be sufficient since there is no catalyst present) as indicated by stable Thermal Reactor temperature(s) and a routine sample set will be taken and analyzed. When the target of one-sixth oxidation of the H S is reached (increasing the 2 residence time if necessary), triplicate routine sample sets will be taken.
In addition, for each routine sample set, a set of quenched samples will be taken and analyzed. The analytical data from the routine sample set will be used to evaluate overall performance while the analytical data from the quenched samples set will be used for comparison with equilibriumcalculation results to determine the degree of approach to equilibrium in the Thermal Reactor.
Residence Time and Extent of Oxidation
Assuming that the feasibility and practicability of the fundamental operating strategy are established by the foregoing, the operation of the pilot unit will be characterized by the following series of tests.
a. Holding the O /Air to Acid Gas Feed ratio constant at one-sixth oxidation of the H S, the 2 2 residence time in the Thermal Reactor will be varied from 1 to 4 seconds in one-second steps. Routine sample sets and quenched samples sets will be taken and analyzed at each step.
b. Holding the residence time constant at the value indicated by the foregoing as sufficient to reach equilibrium, the O /Air to Acid Gas Feed ratio will be reduced step wise to determine the practical 2 lower limit of operation as indicated by analytical results, the Thermal Reactor temperature and stability of operation. Routine sample sets and quenched samples sets will be taken and analyzed at each step.
Feed Gas Compositions
Within the range of variation described above, tests will be carried out at the maximum and minimum attainable CO /H S ratios for the Acid Gas and the maximum and minimum attainable O /N ratios 2 2 2 2 for the O /Air Feed Streams. For these tests, the O /Air to Acid Gas ratio will be for one-sixth 2 2 oxidation of the H S and the residence time in the Thermal Reactor will be that which in prior tests 2 achieved the closest approach to equilibrium. Both a routine sample set and a quenched samples set will be taken and analyzed for each condition. Table 4 .2 summarizes the set of operating conditions achieved for the initial successful test runs. These tests were conducted with a rich (90% H S) acid gas stream and normal ambient air for the 2 combustion air source. The system pressure was varied between 14 and 40 psig during the test set and the full range of desired reaction stoichiometries was achieved. The results from these tests are summarized in Table 4 .3 below and the full analytical results are presented in Appendix A. In general, the test run results matched the results generated with the equilibrium reaction model. Figure 4 .1 shows the measured sulfur conversion in the reaction furnace as a function of reaction stoichiometry (excess air). Excess air is the measure of the deviation from the exact reaction stoichiometry required for full oxidation of H S to elemental sulfur (0% excess air).
Test Results
2
These results indicated an excellent match to the thermodynamic equilibrium data and indicated that a conversion efficiency in the 50% range can be maintained at very low reaction stoichiometries. Figure 4 .3 shows the effect of system pressure on sulfur conversion for two levels of excess air. The predicted equilibrium indicate that system pressure does not significantly affect the conversion efficiency because the molar stoichiometry is similar between the reactants and the products. The test run data confirmed that system pressure does not have a significant impact on unit conversion efficiency.
Under all of the tested conditions the unit demonstrated good flame stability. This unit came to equilibrium (temperature, pressure and flow) very quickly after all of the feed gas flows and compositions were stabilized. This indicated that the conventional burner and furnace design was appropriate for use in the CNG Claus process in spite of the novel operating conditions presented.
Gas Sampling and Analysis Methods
All process gas samples were sampled and analyzed utilizing methods developed by BOVAR Western Research for use in conventional Claus plant analyses. For a standard test run the following samples were taken:
+ Combined feed gas stream (H S and CO mixture) The feed gas samples were taken directly into glass sampling envelopes. These samples are very clean and at low temperature and therefore no special sampling techniques are required. However, sampling of gas streams in sulfur plant situations requires that special precautions be taken to ensure a representative sample and to ensure that there is no reaction of the process gas in the sampling train itself. Our experience, indicates that typical sulfur plant process gases must be sampled through an inert sampling train to ensure that there is no continued reaction. Extensive research into this problem has indicated that sampling through anything other than a glass or Teflon-lined probe tube results in catalysis of various reactions which results in a change in the composition of the sampled gas.
Also, samples of the gas stream taken at the wall of the pipe are not representative of the bulk gas stream, therefore the use of a sample probe is mandatory. Conditioning of the sample requires removal of water and entrained sulfur. Water is removed by passing the gas through tubes of powdered P O which does not react with the acid gas species in the process streams. Glass wool 2 5 plugs in the conditioning tubes are used to trap the entrained sulfur.
The reaction furnace sample was taken through a glass lined, water cooled probe in order to quench the gas and ensure no unwanted reaction of the gas in the sampling probe. The process gas was quenched to ambient temperature in less than 20 ms. The tail gas was sampled through a standard Teflon lined sample probe system.
The gas analytical work was performed on site by BOVAR Western Research personnel using a gas chromatograph together with ancillary equipment. The chromatographic methods used are described in Appendix B.
